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Microbial fouling is one of the major obstacles in ultrafiltration membrane treatment of waste 
water. Dopamine is a kind of bio-glue that can be self-polymerized on the surface of 
membranes and nanoparticles and form multilayer structured polydopamine (PDA). In this 
study, PVDF membraneswere immobilized with TiO2 nanoparticles via polydopamine. Then, 
the anti-biofouling character of the membranes under UV condition was tested. On 
immobilized membranes, less E. coli was observed than that on commercial PVDF 
membranes. Furthermore, TiO2 nanoparticles were also modified by coating with PDA and 
then carbonized expecting to improve the performance of nanoparticle, on account that 
carbonized PDA was reported to have graphene like structure. Modified particles showed 
smaller band gap than commercial TiO2, but weaker photocatalytic activities. Membranes 
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Driven by environmental problem and water resource shortage, membrane technology 
applied in water and waste water treatment has been attracting growing attention. Among all 
the membranes, low pressure membranes represented by ultrafiltration (UF) membranes 
provide relatively good rejection effect and low cost, and well accepted in industrial 
application (Lee et al., 2004). Poly(vinylidene fluoride) (PVDF) is commonly used kind of 
organic polymer material  to produce UF membranes, due to its outstanding thermal, 
photochemical and chemical stability(Huang et al., 2000; Lang et al., 2007; Kong et al., 
1999).Its melting temperature is about 160°C and thermal decomposition temperature is 
higher than 316°C.However, PVDF UF membranes are naturally hydrophobic, and easily 
contaminated by chemical and biological materials. This causes a sharp drop of water flux, 
increasing demand of operation pressure and short lift time of membranes, and eventually 
leads to loss of capacity for a membrane facility and high operating cost (Cao et al., 2006; Yu  
et al., 2009; Madaeni et al., 2011). 
Fouling results from inorganic, particulate, colloidal, organic and microbiological pollutant. 
Biofouling is a serious kind of fouling leading to not only flux drop and pressure needs, but 
also membrane biodegradation. Biofouling could be even more critical at hot temperature like 
that in Singapore (Abd et al., 1998). Biofouling sequence can be summarized into four steps: 
a. adsorption of organic matters to membrane surface; b. microorganism adsorption and 
continued adhesion to the membrane surface; c. growth, reproduction of adhered 
microorganisms; d. subsequent secretion of extracellular polymers, mutual adhesion of the 
clonal cells and formation of biofilm layers to protect the bacteria from immune system and 
antimicrobial effects (Bolton et al., 2006; Kimet al., 2009). 
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In most cases, making membranes more hydrophilic is the first choice to improve anti-fouling 
ability of membranes [11]. Various techniques have been applies to help membranes resist 
fouling by improving hydrophilicity of the membranes, such as blending with hydrophilic 
polymers or nanoparticles during preparation, immobilization of polymers with hydrophilic 
segments, chemical modification of monomers to form functional groups, and coating or 
grafting hydrophilic or optic active materials on the surface of membranes (Lang et al., 2007; 
Yu et al., 2009; Huang et al., 2012). Among those techniques, titanium dioxide nanoparticles 
have been considered as effective immobilizing materials and researched by several groups 
(Cao et al., 2006; Madaeni et al., 2011; Damodar et al., 2009). 
TiO2nanoparticles are famous for its stability, low cost and unique electronic, magnetic and 
optical properties benefiting from semiconducting compound and particular nano sizes.TiO2 
is one of the most important inorganic pigments, because of its potential applications in many 
different activities such as painting, catalysis and photocatalysis, battery, cosmetic, etc. 
(Sabzi et al., 2009). Inorganic waste water treatment, TiO2 is commonly used photocatalyst 
due to its high photocatalytic activity and capacity. When PVDF membranes are modified 
with TiO2 nanoparticles, it becomes not only more hydrophilic bust also biocidal assisted by 
UV irradiation, while retaining the intrinsic separation performance of the bare membrane 
(Cao et al., 2006). 
In order to add TiO2 nanoparticles into PVDF membranes, blending modification methods 
because of its simplicity, are often employed to form organic-inorganic hybrid membranes. In 
addition to improving the anti-fouling ability, blending with nanoparticles can enhance the 
mechanical strength of PVDF membranes to some extent (Cao et al., 2006; Damodar et al., 
2009). TiO2 nanoparticles can be entrapped inside the membrane and combined robustly in 
this way. However, the entrapped nanoparticles are not as highly hydrophobic and 
photochemical reactive as the exposed bare particles, and have a possibility to plug the pores 
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inside and reduce the filterable characteristics (Liu et al., 2011). Moreover, surface 
modification methods of PVDF membrane with nanoparticles have been developed, such as 
self-assembly method (Madaeni et al., 2011). As reported, self-assembly PVDF membrane 
improved hydrophilicity of the membrane substantially, so that superior permeability and 
excellent fouling resistance could be achieved. However, the weakly binding force of self-
assembly method between nanoparticles and membrane surface obstructs its wide use 
(Mansourpanahet al., 2009). A novel and versatile method was employed to strongly bind 
TiO2 nanoparticles on thin film composition reverse osmosis membranes via polydopamine 
(PDA).Dopamine is a kind of bio-glue that can be self-polymerized on the surface of a large 
range of materials including membranes, nanoparticles and so on. When self-polymerization 
happens between two kinds of materials or two parts of the material, strong binding can be 
formed. One more advantage of PDA that attracts attention is that the thickness of PDA 
coating layers can be conveniently controlled in a range from that of nearly a monolayer to 
tens of nanometres. The mechanism and process that how PDA works as bio-glue is shown in 
Fig. 1. In the first step, dopamine is self-polymerized on the surface of the substrate, it can be 
all kinds of materials, including metal, carbon, polymer. And then it forms loose 
polydopamine layers with OH groups. At this time, nanoparticles are mixed with the 
substrate and connected with the substrate (Zhang et al., 2013). 
Recently, Reduced graphene oxide nano sheets was reported to be utilized in modification of  
TiO2 nanoparticles onto conductive substrates such as carbon cloth electrodes. This new 
hybrid material is not only a combination of two different functioned materials, but also 
possessed superiority that neither of the substrates nor the particles could perform. This 
material exhibited photoeletrocatalytic activity under visible light which might be driven by 





(a) First steps of self-polymerization of dopamine in aqueous solution; the resultant 
polydopamine is proposed to be comprised of intra- and inter chain noncovalent interactions, 
including charge transfer, π-stacking, and hydrogenbonding interactions; (b)possible 
deposition mechanism of polydopamine on the membrane surface and (c)possible mechanism 
of binding TiO2 nanoparticles on the membrane surface. 
Fig. 1.Possible mechanism of polydopamine performing as bio-glue (Zhang et al., 2013) 
 
(a)Proposed chemical structures of a PDA unit, (b) and (c) the oxygen-containing 
components of the CPDA 
Fig. 2. The structure of PDA and carbonized PDA (Kong et al., 2012) 
10 
 
Since PDA can be carbonized under temperature as high as 700 °C with the protection of Ar 
gas after coated on the surface of other materials, a graphene like structure (Kong et al., 
2012) can be obtained due to the ordered multi-layered structure doped with heteroatoms of 
Carbonized PDA (CPDA) (Fig. 2). Since graphene is a cutting edge molecule but requires 
high costs, PDA and CPDA was supposed to be promising with graphene like structure and 
much lower cost.  
In this research, PDA was applied as glue to attach titanium dioxide nanoparticles onto the 
surface of PVDF ultrafiltration membranes. Characteristics and anti-biofouling effect of the 
immobilized membrane was tested. Furthermore, TiO2 nanoparticles were also coated by 
PDA and then carbonized aiming at improving the anti-biofouling and photocatalysis effect 
of the nanoparticles under visible light. 
2. Experimental 
2.1 Materials 
TiO2 nanoparticles (P25), Dopamine hydrochloride, and methylene blue are purchased from 
Sigma Aldrich. PVDF membranes (0.45µm, IPVH00010) are purchased from Merck 
Millipore. Tris (molecular biology grade) and LB broth are obtained from Fischer Biotech. 
Sodium chloride is purchased from GCE Laboratory Chemicals. DI water and ultrapristine 
water used in the experiments are obtained from Merck Millipore water purification system 
with a specific resistance of 18.2MΩ cm. All chemicals were used as received without any 
further treatment. 
2.2 Synthesis of TiO2 nanoparticles coated by PDA and Carbonized PDA 
Commercial TiO2 nanoparticles (P25) were first coated with polydopamine. To do this, TiO2 
nanoparticles were dispersed into Tris - HCl buffer solution (pH 8.5, 10mM) and agitated by 
using a magnetic stirring plate at 1000 rpm for 3hrs and then treated by ultrasound for 30min 
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in a water bath to get uniform mixing. Then the dispersed nanoparticles were immersed in an 
aqueous dopamine hydrochloride solution, by adding dopamine hydrochloride powder into 
the TiO2Tris mixture, and then stirred at 1000 rpm for 2hrs. After that, these nanoparticles 
were washed and centrifuged at 9000 rpm for 5min to collect the precipitate. At last, the 
collected precipitate was dried in vacuum oven at 50 °C for 2 days and ground by using an 
agate mortar. Synthesis was conducted under dopamine hydrochloride concentrations ranging 
from 0.15g/L to 1.2g/L, and TiO2concentrations from 1.25g/L to 5g/L, with the ratio of 
dopamine hydrochloride to TiO2ranging from 6/100 to 48/100. TiO2nanoparticles coated by 
polydopamine were labelled as TiO2-PDA. 
The polydopamine coated nanoparticles were carbonized in a Carbolite tube furnace with a 
temperature controller by heating from room temperature to 700 °C at a heating rate of 5 °C 
/min in Ar environment with an Ar flow rate of 50 sccm, and then annealed at 700 °C for 3 
hrs.TiO2 nanoparticles coated by carbonized PDA were labelled as TiO2-CPDA. 
2.3 Characterization of nanoparticles 
2.3.1 SEM and BET 
For SEM test, commercial TiO2 (P25), TiO2-PDA, and TiO2-CPDA nanoparticles ware 
attached onto conductive tapes and coated by Pt for 20s at a currency of 30 mA. The field-
emission scanning electron microscope (FESEM) images were taken on a JEOL FESEM 
JSM6700F at 5 kV acceleration voltage. The BET surface area and the pore size distribution 
of each kind of particles were determined by N2 adsorption/desorption isotherm technique. 
2.3.2 UV-vis absorption spectrum and band gap energy 
The light absorption characteristics and the band gap energy of TiO2 (P25), TiO2-PDA, and 
TiO2-CPDA were obtained through UV–vis diffuse reflectance measurement. This is a 
conventional approach conducted on Shimadzu solid UV-vis spectrophotometer.  
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2.3.3 Photocatalytic Test of nanoparticles under UV and visible light 
10mg nanoparticles (TiO2, TiO2-PDA, or TiO2-CPDA) were added into 20ml methylene blue 
(10mM) aqueous solution and stirred at 500rpm in dark place for 30min to let the particles 
disperse uniformly and adsorption proceed completely. Then the mixed system was located 
under UV lampor visible light and stirred at 500rpm for 2hrs. Water samples were collected 
every 30min. The samples were centrifuged and filtered, and then detected by using UV-vis 
with wave length of 664nm, which is reported to be the adsorption peak of methylene blue 
(Mazloomet al., 2015). Comparison was made among TiO2 (P25), TiO2-PDA, and TiO2-
CPDA prepared under different nanoparticle concentrations and dopamine hydrochloride 
concentrations. Meanwhile, the mixed system stirred under dark for 30min was set as 
negative control. And the methylene blue without any nanoparticles added was set as blank 
control.  
2.4 Immobilization of PVDF membranes with nanoparticles 
PVDF membranes were immobilized with TiO2 (P25), TiO2-PDA and TiO2-CPDA. 
TiO2nanoparticles (or TiO2-PDA/TiO2-CPDA) were first dispersed into Tris buffer solution 
(pH 8.5, 10mM) to meet the concentration of 1g/L, and then agitated for 3hrs at 1000 rpm 
and treated by ultrasound for 30 min in a water bath prior to immobilization. PVDF 
membranes were immersed and agitated for 0.5h or 2 h in dopamine hydrochloride (2mg ml-
1) solution in Tris buffer (pH 8.5, 10mM). The membranes were then carefully removed out 
and rinsed by DI water for 3 min and dried by compressed nitrogen for 5 min. After being 
rinsed and dried, the membranes were immersed and stirred in the suspension of 




2.5 Characterization of the immobilized membranes 
2.5.1 Binding characteristics 
Binding characteristics of the immobilized membranes were obtained by rinsing test. The 
membrane was circularly rinsed by 200mL ultrapristine water at the flow rate of 50mL/min 
through a peristaltic pump for 1h. Water samples and membrane piece samples were 
collected at 0min, 10min, 30min, and 60min. The water samples were digested in 2% HF 
solution overnight for ICP-MS test. The membrane samples were dried in vacuum oven at 
50 °C for 2 days to collect SEM images.  
2.5.2 Anti-biofouling test 
LB broth (20g LB broth powder in 1L water) and normal saline (8.5% NaCl solution) was 
autoclaved at 121°C for 30min. Membranes immobilized with TiO2 (P25), TiO2-PDA, and 
TiO2-CPDA nanoparticles were immersed into 20mL LB broth in the sterile petri dish, 
respectively. 1mL active E. coli mixed strain suspension was added into each petri dish, 
respectively. During 2 days cultivation, the petri dishes ware illuminated with UV-a for 1h 
every half day and cultured at 37 °C for the rest of time. Membrane samples were also 
collected every half day, dipped in normal saline for 1 second, and put in to a sterilized 
conical flask with 10 LB broth inside. The flask was shaken at 37 °C at the speed of 150r/min 
for 3h to amplify the bacteria fouling on the membranes. To decide the concentration of 
bacteria, OD value of the amplification suspension was detected.  The suspension was diluted 
into proper concentration by fresh LB broth and the light transmittance was detected at the 
wave length of 600nm. Fresh LB broth was used as blank sample to make zero. In addition, 
SEM images of the fouled membranes were obtained. Comparison was made between 
pristine PVDF membrane and membrane immobilized with TiO2 (P25) under illumination of 
UV-a and UV-c, respectively. Membranes immobilized with TiO2 (P25), TiO2-PDA and 
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TiO2-CPDA was also compared. Fouling test was also performed under dark condition for the 
purpose of blank comparison. 
3. Results and Discussions 
3.1 Binding performance of PDA between PVDF membranes and TiO2 
nanoparticles 
Rinsing test was conducted to get the performance of polydopamine in binding TiO2 
nanoparticles to PVDF membranes.  Since the binding strength will be varied due to the 
different thickness of PDA layer affected by the different immobilization time, nanoparticles 
immobilized membranes with 0.5h and 2h immobilization time have been chosen to perform 
the tests, respectively.  Fig 3 shows Ti concentrations in rinsing water after the membranes 
were rinsed for different time. For membranes immobilized with commercial TiO2, TiO2-
PDA and TiO2-CPDA, after rinsing 10min, Ti concentrations in the water increased 
significantly and became stable from 10min to 60min, except the membrane immobilized 
with commercial TiO2 for 0.5h, which had exceptionally high Ti concentration in the water 
after rinsed for 10min. Since this was the first sample taken in rinsing test and the standard 
deviation of ICP-MS detection was also higher than other samples, this is regarded as an 
outlier and not taken into consideration. It seemed that some nanoparticles were adhered to 
the membranes weakly. At the initial time of rinsing test, those weakly bonded particles were 
flushed out by water and circled in the system. After those weakly bonded particles were 
desorbed, Ti concentrations became stable. 
Membranes immobilized with TiO2-PDA or TiO2-CPDA showed lower Ti concentration in 
rinsing water than those immobilized with commercial TiO2.TiO2 nanoparticles 
preconditioned with PDA have similar surface property to PDA which might help the 
particles make stronger bonds.  
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Moreover, membranes immobilized for 2h showed lower Ti concentrations in rinsing water 
than those immobilized for 0.5h, which implied that extending immobilizing time 





(a) Nanoparticles bonded PVDF membrane with 0.5h immobilization reaction  
(b) Nanoparticles bonded PVDF membrane with 2h immobilization reaction 
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Fig. 4. SEM images of initial PVDF membranes, and membranes immobilized by 
particles (a) Pristine PVDF membrane (b) PVDF membrane coated with PDA (c) 
PVDF immobilized with nanoparticles via PDA 
In order to make sure that there were strongly binding nanoparticles, and investigate the 
surface characteristics of the immobilized membrane, SEM images were obtained. Images of 
pristine PVDF membrane, membrane treated with PDA, and membrane immobilized with 
nanoparticles (before rinsing) are shown in Fig 4. Pristine PVDF membrane has multilayer 
structure made of smooth fibre and relatively homogenous pores. After treated with PDA, 
caking happened on membrane surface and a part of pores were blocked. Membrane fibre 
was nonuniformly coated with PDA and some PDA formed irregular shape on membrane 
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fibre. Surface caking became more significant when membrane was immobilized with 
nanoparticles via PDA as glue.  Particles clustered onto the membrane surface and blocked in 








Fig. 5. SEM images of mobilized membrane after rinsing for 10min, 30min and 60min 
Anti-biofouling performance (a) Rinsing 10min (b) Rinsing 0.5h (c) Rinsing 1h 
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PDA used as binding media to attach nanoparticles to reverse osmosis films was also reported 
(Zhang et al., 2013). On reverse osmosis film, nanoparticles were distributed uniformly and 
formed a particle layer. Phenomenon in this experiment differed from the previous reported 
results, which might be mainly caused by the large pores in ultrafiltration membranes. The 
membrane pores are in micrometre size and too large for nanometre sized particles to cover. 
Moreover, even PVDF ultrafiltration membrane fibre has much larger diameter than that of 
nanoparticles, so that particles clustered on the surface of fibre instead of distributing 
nonuniformly on the surface of whole membrane. 
Immobilized membrane after rinsing for 10min, 30min and 60min are shown in Fig 5. After 
rinsing for 1h, there were still plenty of nanoparticles clustering on the membrane which 
implies that PDA provide firm binding between membrane surface and nanoparticle and 
between two nanoparticles. Since particles were distributed in homogenously and SEM 
images can only reflect a small part of the surface, continuously changes resulted from 
rinsing could hardly be observed. In the part shown in membrane rinsed for 10min, a certain 
amount of particles can be distinguished in images amplified for 100, 000 times, while in the 
part rinsed for 30min, it is difficult to determine that there were particles at the same 
amplification condition. On the contrary, the part rinsed for longest time showed the most 
particles among those samples. 
3.2 Anti-biofouling performance of membrane immobilized with TiO2 nanoparticles 
Fig. 6. shows membrane fouling status of pristine PVDF membrane and the membrane 
immobilized with TiO2 nanoparticles, illuminated by UV light for 1h every half day or under 
dark condition, respectively. In this figure, OD value represents living bacteria fouling on the 
membrane. When the mixture of membrane and bacteria culture solution was located under 
dark, there is no obvious difference in active bacteria quantity between immobilized 
membrane and pristine membrane. However, when the mixed system was treated with UV 
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for a short time, immobilized membranes carried 8.5%-12.0% less living bacteria than 
pristine ones under same conditions. Due to different initial concentration of bacteria 
suspension and non-uniform culturing parameters among each batch, OD values may varied 
from batch to batch. This indicates that immobilization with TiO2 nanoparticles improves the 
anti-biofouling ability of PVDF membrane under UV. Without illumination, immobilized 
membranes showed no superiority to the pristine ones, which implies that change 
hydrophilicity of the membrane surface is not the main mechanism of anti-biofouling in this 
material. Instead, photocatalytic activity of TiO2 nanoparticles played a part in inhibition of 
bacteria growth on membrane surface. 
a.                                                                           b.  
 
Fig. 6. Membrane fouling status of pristine PVDF membrane and the membrane 
immobilized with TiO2 nanoparticles (a) Conducted under UV illumination (b) 
Conducted under dark condition 
In addition, SEM images of membrane surface were obtained after the membranes were 
immersed in bacteria cultivation for 2 days (Fig 7). No matter under UV or dark, immobilized 
membrane showed more uncovered pores than pristine PVDF membrane. On the pristine 
membranes, most of the membrane surface was caked and the pores were blocked. When 
amplified for 10, 000 times, on the immobilized membranes, bacteria can be easily 





















the TiO2 particles. However, on the pristine membrane with UV, membrane fibre was 









Fig. 7. SEM images of membrane surface after membranes were immersed in bacteria 
cultivation for 2 days (a) Immobilized membrane under dark (b) Immobilized 
membrane under UV (c) PVDF membrane under dark (d) PVDF membrane under UV 
More seriously, hardly any bacteria can be seen on the pristine membrane cultivated under 
dark, which was almost blocked off. Judging from the SEM images, immobilized membrane 
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illuminated by UV didn’t perform better in anti-fouling, than that under dark, although 
residual living bacteria on the immobilized membrane illuminated by UV was less.   
Fouling can be made of complicated component, including bacterial cells, secretions of 
microorganisms, substrates molecules, and substrate decomposition products. Compared with 
bacterial cells on the membranes, other components seemed to have played a larger part in 
membrane fouling in this condition. Immobilized membranes showed stronger anti-fouling 
ability independent of illumination when considering all kinds of fouling. This might mainly 
result from improvement of hydrophilicity. To explore the fouling and anti-fouling extent and 
mechanism of the membranes, further approaches are required such as flux measurement and 
chemical fouling test.  
3.3 Characterization of TiO2-PDA and TiO2-CPDA 
3.3.1 SEM of modified nanoparticles 
Fig. 8. shows the SEM images of commercial P25 TiO2 nanoparticles, TiO2 coated by PDA 
and TiO2 coated by carbonized PDA. All these three kinds of particles were spherical 
particles with diameter approximate 20 nanometres. No apparent difference among them can 
be seen from the SEM images.  
a.                                             b.                                              c. 
   
Fig. 8. SEM images of commercial and modified particles (a) Commercial P25 TiO2 (b) 
TiO2-PDA (c) TiO2-CPDA 
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3.3.2 BET surface area and pore size distribution of modified nanoparticles 
BET surface areas and pore size distributions of P25 TiO2, TiO2-PDA and TiO2-CPDA areas 
presented in Fig. 9. Generally, these three kinds of particles has similar surface are. 
Commercial P25 TiO2 nanoparticles had the largest surface area among these nanoparticles, 
which was 49.82m2/g. Particles modified by PDA and carbonized PDA had relatively low 
surface areas, which were 48.40m2/g and 46.20m2/g respectively. This phenomenon was also 
reported previously and the decreasing in surface area after coating was take as an 
implication that the particles were successful coated (Zhang et al., 2013). Coating might have 
slightly increased the particle size and blocked some of the pores in the material, to decrease 
its BET surface area. 
a.                                                                      b. 
  
c.                                                                     d. 
 
Fig. 9. BET surface area and pore size distribution of nanoparticles (a) BET surface 
area  (b) BJH pore size distribution of P25 (c) BJH pore size distribution of TiO2-PDA  




















Pore size distribution of the particles are characterized by BJH adsorption dV/dD pore 
volume. Most of the pores in P25 nanoparticles were smaller than 5nm and even smaller than 
3nm, while the modified particles has most of their pores around 20nm. Coating with PDA or 
carbonized PDA increased the dominate pore size of the material significantly without 
change it BET surface area too much.  
3.3.3 Solid UV-vis absorption spectrum and band gap energy of the particles 
UV–vis diffuse reflectance measurement is a traditional method to investigate the light 
absorption spectrum and the band gap energy of a kind of material. The absorption spectrum 
of commercial TiO2 nanoparticles and those modified with different PDA and carbonized 
PDA are shown in Fig. 10.As shown in Fig a, in the wavelength region of 200-300nm, all the 
particles had continuous high absorption. Between the wavelength of 300-400nm, the 
absorption of all the particles exhibited sharp decrease, among which commercial TiO2 
nanoparticles reached the lowest. When the wavelength became larger, particles showed 
different trends in absorption. Commercial ones stayed at the lowest value, while those 
coated by PDA showed continuous drop in light absorption, and those coated by carbonized 
PDA presented absorption rebounds. In visible light region, all the modified particles had 
more adsorption than the commercial ones, which can also be easily judged from appearance 
that P25 TiO2 nanoparticles were white powder, while PDA coating was in dark brown 
colour and carbonized PDA was in dark grey. To further understand the changes in optical 
properties, tangent lines were drawn on Fig. 10.a. to measure the absorption onset as shown 
in Fig. 10.b. The absorption onset and the bad gap calculated from the absorption onset was 
shown in Tab. 1.The absorption onset of P25 nanoparticles was 370nm. After coated with 
PDA or carbonized PDA, a red-shift of ca.21-44 nm was observed in the absorption onset. 
Accordingly, the calculated band gap energy of P25 is the largest of all, which is 3.35eV, 
while the modified particles had bad gap energy a bit smaller, between 3.00eV and 3.17eV. 
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This implies that the particles coated by PDA or carbonized PDA may have photocatalytic 
activity under longer wave length. This narrowing in band gap was also reported in research 
coating TiO2 with graphene (Zhai et al., 2013). The chemical bonding between TiO2 and 
PDA might contribute to the change in photochemical potential. 
a.                                                                              b. 
 
Fig. 10. The absorption spectrum of commercial and modified nanoparticles (a) 
absorption spectrum (b) part of absorption spectrum and tangent lines 
Tab. 1. Absorption onset and band gap energy of commercial and modified particles 
 
3.4 Photocatalytic properties of the particles 
3.4.1 Photocatalytic properties of the particles under UV 
To investigate the photocatalytic activities of the immobilized nanoparticles, methyleneblue 
was chosen as an indicator. Various kinds of particles produced from different ratio of 
dopamine hydrochloride to TiO2 were tested and the result is shown in Fig. 11. It can be seen 
from Fig. 11. a, all the three kind of particles had some treatment effect to methyleneblue 
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under UV condition compared with the blank group. In the first 0.5h, the mixture was located 
under dark and stirred, to let absorption proceeded completely. In this period, commercial 
TiO2 almost showed no absorption, for the concentration of methyleneblue kept stable. 
Whereas, TiO2-PDA and TiO2-CPDA caused obvious decrease of the contaminate 
concentration. Knowing from the BET surface area and pore size distribution data, the 
modified particles had larger dominate pore size which might lead to higher adsorption of 
methyleneblue. Moreover, after coated by PDA or carbonized PDA, the particle surface is 
made of polymer instead of Ti-O bond, which can result in changes in chemical property and 
adsorptive property. After the suspension was moved to UV circumstance, the methyleneblue 
mixed with P25 degraded promptly and almost completed within 0.5h, while the modified 
TiO2 showed weaker catalytic activity than the commercial ones.  
a.                                                                         b. 
 
 c.                                                                         d. 
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According to Fig. 11. b when the concentration of TiO2 is fixed, the more PDA used to 
modify the particles, the weaker catalytic activity that the coated particles will have. And 
according to Fig. 11. c, different kinds of TiO2-PDA produced from the same ratio of 
TiO2/PDA, have similar photocatalytic ability. Coating layer might block some of the 
photocatalytic active points on the particle. The ratio of TiO2/PDA might decide the coating 
thickness of PDA on the surface, which may further affect the active points exposed on the 
particles.  
It can be seen from Fig .11. d that the TiO2-CPDA had stronger photocatalytic ability than 
the TiO2-PDA produced from the same initial formula. This adds weight to the supposition 
that initial formula decide layer thickness and then affect the number of active points. 
In conclusion, the TiO2 nanoparticles coated with PDA or carbonized PDA could catalyze 
methylene blue degradation under UV, but the efficiency is lower than the commercial ones. 
However, the modified particles may present stronger adsorbability than the commercial 
ones. 
3.4.2 Photocatalytic properties of the particles under visible light 
Photocatalytic activities of the three kind of particles under visible light is shown in Fig. 12. 
The experiment parameters were the same as those under UV except the light source. Due to 
the low stability of methyleneblue, under the illumination of visible light, the blank group 
without any particles showed some degree of degradation. In addition to the self-degradation 
part, all the three kind of particles had some treatment effect to methyleneblue under visible 
light which was much weaker than that under UV. The catalytic ability difference among 
those kinds become narrower. Although the modified particles had smaller calculated band 
gap energy, it’s hard to determine that modification with PDA could improve the visible light 





Fig. 12. Photocatalysis properties of the particles under UV 
3.5 Anti-biofouling characteristics of the immobilized particles 
 
Fig. 13. Membrane fouling status of pristine PVDF membrane and that immobilized 
with different nanoparticles 
To further investigate the characteristics of the immobilized particles, they were also 
employed to immobilize PVDF membranes. And then, the membranes were cultured in E.coli 
and substrate for 2 days. UV illumination was applied for 1h every half day. The relative 
quantity of living bacteria over time is exhibited in Fig. 13. Membrane immobilized with all 
the three kinds of particles showed similar fouling behaviour and carried less living bacteria 
than pristine PVDF membrane. This indicates that TiO2 nanoparticles modified with PDA 
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